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Abstract

BACKGROUND: There is an increased awareness regarding the association between exposure
to environmental contaminants and adverse pregnancy outcomes including preterm birth. Whether
an individual’s metabolic profile can be utilized during pregnancy to differentiate the subset

of patients who are ultimately destined to delivered preterm remains uncertain but could have
MEANINGFUL clinical implications.

OBJECTIVE: We sought to objectively quantify metabolomic profiles of patients at high risk

of preterm birth by evaluating midtrimester maternal plasma and to measure whether endogenous
metabolites and exogenous environmental substances differ among those who ultimately deliver
preterm compared with those who deliver at term.

STUDY DESIGN: This was a case-control analysis from a prospective cohort of patients carrying
a singleton, nonanomalous gestation who were at high risk of spontaneous preterm birth. Subjects
with a plasma blood sample drawn at <28 weeks’ gestation and no evidence of preterm labor

at the time of enrollment were included. Metabolites were extracted from frozen samples,

and metabolomic analysis was performed using liquid chromatography/mass spectrometry. The
primary outcome was preterm birth at 16.0 to 36.9 weeks’ gestation.

RESULTS: A total of 42 patients met the inclusion criteria. Of these, 25 (59.5%) delivered
preterm at <37 weeks’ gestation, at a median of 30.14 weeks’ gestation (interquartile range,
28.14-34.14). A total of 812 molecular features differed between preterm birth cases and term
controls with a minimum fold change of 1.2 and ~<.05. Of these, 570 of 812 (70.1%) were
found in higher abundances in preterm birth cases; the other 242 of 812 (29.9%) were in higher
abundance in term birth controls. The identity of the small molecule/compound represented
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by the molecular features differing statistically between preterm birth cases and term controls
was identified as ranging from those involved with endogenous metabolic pathways (including
lipid catabolism, steroids, and steroid-related molecules) to exogenous exposures (including
avocadyne, diosgenin, polycyclic aromatic hydrocarbons, acetaminophen metabolites, aspartame,
and caffeine). Random forest analyses evaluating the relative contribution of each of the top

30 compounds in differentiating preterm birth and term controls accurately classified 21 of 25
preterm birth cases (84%).

CONCLUSION: Both endogenous metabolites and exogenous exposures differ in maternal
plasma in the midtrimester among patients who ultimately delivered preterm compared with those
who deliver at term.

Keywords

endogenous metabolic pathways; environmental exposures; exogenous exposures; metabolomics;
preterm birth

Preterm birth remains the leading cause of neonatal morbidity and mortality among
nonanomalous infants in the United States, and it confers significant economic and

societal burden.1~# Although there are multiple established risk factors for preterm birth,
including non-Hispanic Black race, short midtrimester cervical length, and a previous
pregnancy complicated by prematurity, additional unidentified factors likely contribute to
the development of this complex, multifactorial condition.>-8 Furthermore, the mechanisms
underlying spontaneous preterm birth remain poorly understood.

There is an increased awareness regarding the association between exposure to
environmental contaminants and adverse pregnancy outcomes. Exposure to a variety of
pollutants including air pollution,®11 organochlorine pesticides,12-14 heavy metals,15-17
and perfluoroalky! substances8-19 has been implicated in preterm birth. Recent scientific
advances have enhanced the ability to quantify the simultaneous nontargeted assessment of
environmental exposures and physical and chemical stressors through metabolomic analysis
techniques. In other fields of medicine, metabolomic analysis of plasma has been fruitful
in the identification of aberrant exposures and changes in metabolites among those with
and without disease; for example, derangements in lipid and carbohydrate metabolism

and oxidative stress and inflammatory pathways are seen in individuals with myocardial
ischemia,20:21

Studies investigating the association between metabolomic profiles and preterm birth
have evaluated a variety of tissue sources including cervicovaginal fluid, amniotic fluid,
placenta, and blood.22-27 A recent study showed that incorporation of acylcarnitine levels
and other metabolites from infant newborn screening results at birth accurately classified
gestational age with >95% sensitivity and specificity; although not applied during the
antenatal period, findings such as these provide “proof of concept” regarding associations
between metabolomic profiles and gestational age.28 Whether an individual’s metabolic
profile can be utilized during pregnancy to differentiate the subset of patients who are
ultimately destined to deliver preterm remains uncertain but could have significant clinical
implications.
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Thus, the objective of this study was to quantify metabolomic profiles of patients at high
risk of preterm birth by evaluating midtrimester maternal plasma and to measure whether
endogenous metabolites and exogenous environmental substances differ among those who
ultimately deliver preterm compared with those who deliver at term.

Materials and Methods

This was a nested case-control analysis from a prospective cohort of patients carrying

a singleton, nonanomalous gestation who were at high risk of spontaneous preterm

birth (“University of North Carolina Preterm Birth [UNC PTB] Biobank”). Patients were
recruited prospectively at the University of North Carolina at Chapel Hill (Chapel Hill,

NC) from 2015 to 2018. For the purposes of this analysis, we included patients from the
original cohort who were carrying a singleton pregnancy and had a maternal plasma sample
collected before 28 weeks’ gestation. Each participant met at least one of the following
criteria placing them at high risk of spontaneous preterm birth: (1) at least 1 previous
pregnancy delivering between 16 0/7 and 36 6/7 weeks’ gestation after a spontaneous

onset of contractions, preterm prelabor rupture of membranes, or cervical insufficiency;

(2) transvaginal cervical length between 16 0/7 and 23 6/7 weeks’ gestation measuring

<25 mm; and (3) antepartum hospitalization for threatened preterm labor owing to cervical
dilation of =2 centimeters or cervical effacement of >80% by digital examination, but
without symptoms of preterm labor for at least 24 hours before enrollment. Patients carrying
a fetus with a major structural anomaly or aneuploidy were excluded. Pregnancies were
dated by last menstrual period (if available) and ultrasound using standard American College
of Obstetricians and Gynecologists criteria.2? All pregnancy management decisions were
made at the discretion of the primary obstetrical provider. The focus of recruitment for the
UNC PTB Biobank was individuals with a previous spontaneous preterm birth. Owing to
logistic recruiting constraints, not all individuals meeting the eligibility criteria were able

to be approached during the study period. If multiple patients with simultaneous clinic
appointments met the inclusion criteria for the UNC PTB Biobank, the patient with the most
severe preterm birth history was recruited (eg, history of early preterm birth at <28 weeks’
gestation or multiple previous preterm birth). Individuals included in this analysis represent
a subset of women from the UNC PTB Biobank who had matched plasma and vaginal swab
samples obtained on the same date. Although vaginal swab samples were not used in this
analysis, individuals with both sample types available were included in a separate analysis
for which a partial plasma aliquot was required.

At enrollment, each woman provided a blood sample by standard venipuncture; samples
were collected into an acid-citrate dextrose tube and centrifuged, and plasma was aliquoted
and stored at —80°C until future analysis. Clinical data were collected by standardized
interviews conducted by trained research assistants and were supplemented by medical
record review. All study data were collected and managed using the Research Electronic
Data Capture tools, a secure, web-based application designed to support data capture for
research studies, hosted at the University of North Carolina at Chapel Hill.30 This study was
approved by the Institutional Review Board at the University of North Carolina at Chapel
Hill, and all patients provided a written informed consent form before participation.
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Metabolites were extracted from stored samples by adding 180 zL cold methanol to 20 gl
maternal blood plasma. All samples were vortexed for 1 minute, incubated at 4°C for 20
minutes, and then centrifuged at 12,000 rpm for 20 minutes. The resulting supernatant was
collected, dried in a SpeedVac evaporator (Thermo Fisher Scientific, Waltham, MA), and
resuspended in 30 4L of 98:2 water:acetonitrile (98:2, v/v) upon instrumental analysis.
Metabolomic analysis was performed by a liquid chromatography—mass spectroscopy
system consisting of a Thermo Vanquish UHPLC coupled to a Thermo Q-Exactive high-
resolution mass spectrometer interfaced with a heated electrospray ionization source and

a hybrid quadrupole/orbitrap mass analyzer (Thermo Fisher Scientific, Waltham, MA).
Mass spectroscopy-1 level full-scan profiling was operated at 70,000 full width at half
maximum (FWHM) mass resolution, whereas mass spectroscopy-2 structural analysis was
performed in a hybrid mode alternating between full-scan (at 70,000 FWHM) and parallel
reaction monitoring (at 17,500 FWHM). Chromatographic separation was conducted using
an Acquity ultraperformance liquid chromatography HSS T3 C18 column (2.1 x 100 mm,
1.8 ym) (Waters, Mil-ford, MA). Stringent quality assurance and quality control measures
were performed throughout the analysis, including timely mass calibration and intermittent
replicate quality control injections. All laboratory personnel were blinded to pregnancy
outcome information.

The primary outcome was preterm birth between 16 0/7 and 36 6/7 weeks’ gestation.
Bivariate analyses were conducted to compare preterm birth cases with those who delivered
at term (=37 0/7 weeks’ gestation) using Welch’s ftest and Fisher’s exact test as appropriate.
Bivariate analyses were conducted using STATA MP (version 15.1; StataCorp LLC, College
Station, TX). Raw liquid chromatography/mass spectroscopy system data were converted

to mzXML format using the Pro-teoWizard MS Convert program and processed in XCMS
(Scripps, La Jolla, CA) for peak alignment and gap filling. A nontargeted analysis was

used, in which a master list of all detected ion features aligning across all samples was
obtained and the ion intensities were compared between preterm birth cases and term
controls. Partial least squares discriminant analysis was performed in MetaboAnalyst 4.031
to determine the best linear regression model separating the observed peaks by preterm

birth status. Multiple chemical characteristics were used, including accurate mass, isotopic
abundance, retention time, and tandem mass spectrometry data to identify ion peaks of
interest (A<.05 and fold change of 21.2) using MS-FINDER 3.14 (Riken, Wako, Japan).
MS-FINDER uses a validated chemoinformatic workflow that incorporates conventional
experimental spectral database search results combined with in silico structural dereplication
based on bond energies, neutral loss, and hydrogen rearrangement rules. In addition, random
forests were used to estimate how well the metabolomic profiles could distinguish preterm
birth cases from term controls and to evaluate the relative contribution of each of the top

30 compounds contributing to the differentiation between preterm birth and term controls.
Random forest analyses were performed using the random-Forest package of R (version
1.17.30).32 Finally, a MetaMapp network was constructed to obtain an integrated view of

all identified compounds in the biochemical and chemical contexts, with clustering based on
Kyoto Encyclopedia of Genes and Genomes biochemical pathways and chemical similarity
(Tani-moto coefficient, >0.7).33 Post hoc power calculations were not performed because
such analyses are often considered misleading by epidemiologists and statisticians.34
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From the original UNC PTB Biobank cohort of 271 patients, 42 patients were included

in the current analysis. Of the other individuals enrolled in the biobank, 18 were lost to
follow-up (missing gestational age at delivery), 12 were twin or triplet gestations, 101
were recruited in active labor, 42 did not have a plasma sample obtained during the study,
16 had their earliest plasma sample obtained at =28 weeks’ gestation, and 82 did not

have vaginal swabs obtained. Of the 42 included patients, 25 (59.5%) delivered preterm

at <37 weeks’ gestation at a median of 30/7 weeks’ gestation (interquartile range [IQR],
28173417 \yeeks): all preterm births were spontaneous. The 17 patients delivering at term
delivered at a median of 38%/7 weeks’ gestation (IQR, 37%/7-391/7 weeks). Maternal blood
was collected at a median of 1917 weeks’ gestation (IQR, 157-2247 weeks); the timing
of blood collection did not differ by preterm birth status. Demographic and pregnancy
characteristics were similar between preterm and term groups and are presented in Table 1.

A total of 812 molecular features differed between preterm birth cases and term controls
with a minimum fold change of 1.2 and /.05 (Figure 1). Among these altered features,

570 of 812 (70.1%) were found at higher abundances in preterm birth cases, whereas 242

of 812 (29.9%) were in higher abundance in term birth controls. The results derived from
partial least square discriminant analysis model are shown in Figure 2. There was a distinct
separation between case and control groups on the partial least squares discriminant analysis
score plot, demonstrating the predictive capacity of the model to classify preterm birth

cases and term controls. The cumulative R2Y (0.980) and Q2Y (0.846) values—metrics

of model performance—were both close to the theoretical maximum of 1, indicating high
predictive performance of the model. The final partial least squares discriminant analysis
model underwent rigorous significance diagnostics to confirm validity, as follows. To ensure
that overfitting of the model did not occur, random permutations (n=200) of the model

were performed. Significant differences were seen between the final model and random
permutation results (P=.005), confirming that the model had not been overfit. Outlier and
inertia plot analyses were also evaluated and confirmed model integrity.

Next, using 4 dimensions of analytical information (accurate mass, isotopic ratios, tandem
mass spectra, and chromatographic retention time), we sought to identify the compound
structures for all molecular features of statistical difference between preterm birth cases and
term controls. In total, MS-FINDER was able to identify 131 distinct compounds of the 812
that differed significantly in preterm birth cases compared with term controls. The identified
compounds included 60 compounds involved with endogenous metabolic pathways (eg, lipid
catabolism) and 67 compounds associated with exogenous exposures (eg, caffeine, food,
drugs). An additional 4 compounds could be classified as either endogenous or exogenous.
Of these, 84 of 131 molecular features (64%) were detected in higher concentrations among
those with preterm birth, with a mean 1.74 fold change (range, 1.21-4.36). Of the 47
molecular features higher among those with term birth, the magnitude of change was similar
to those that were higher among patients with preterm birth (mean, 1.74; range, 1.25-2.64).

Of the 60 endogenous metabolites differing by preterm birth case status, 39 (64%) are
classified as lipids or are involved with lipid metabolism. Additional significant metabolites
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included amino acids and steroids or steroid-related molecules. The 15 most statistically
significant endogenous metabolites are listed in Table 2 and include estrone and several
other lipids. Of the 67 exogenous compounds that differed by preterm birth case status,
the 15 most significant exogenous compounds that differed by preterm birth case status
are listed in Table 3. These exogenous compounds include avocadyne, diosgenin, and

3 polycyclic aromatic hydrocarbons. Other notable compounds that were outside of the
“top 15” but had A<.05 include the artificial sweetener aspartame (fold change, 1.92;
P=.03), industrial manufacturing dye 4-nitroaniline-2-sulfonic acid (fold change, 1.71;
P=.001), and caffeine (fold change, 1.22; P=.04), all present in higher levels in preterm
birth cases. Furthermore, in addition to the polycyclic aromatic hydrocarbon derivative
phenanthrene-4,5-dicarboxylate (higher in preterm birth cases) (Table 3), we also noted

an association between 2 polycyclic aromatic hydrocarbon metabolites and preterm birth:
N-hydroxy-2-acetamidofluorene (higher in preterm birth cases; fold change, 1.48; £=.030)
and 3,3,6,6,8a-pentame-thyltetrahydro-1,8-dioxa-4a-azanaph-thalene (present in lower levels
in preterm birth cases; fold change, 2.22; P=.03).

In random forest analyses evaluating the relative contribution of each of the top 30
compounds in differentiating preterm birth and term controls, biliverdin, diosgenin, prolyl-
alanine, (E)-2-octenal, and canthaxanthin were the most important compounds contributing
to preterm birth classification, Figure 3. The random forest model accurately classified 21 of
25 preterm birth cases (84.0%) and 12 of 17 term controls (70.6%). Finally, the MetaMapp
network analysis revealed that the significant metabolic features differing between preterm
birth cases and term controls clustered within common groups, either by biochemical
pathways or chemical similarity; these include lipids, steroids, benzene derivatives, and
amino acid derivatives (Figure 4).

Discussion

Principal findings

We found multiple endogenous metabolites and exogenous exposures that differed in
maternal plasma in the midtrimester among patients who ultimately delivered preterm
compared with those who delivered at term. Importantly, these data highlight that both
an individual’s intrinsic factors and external environmental exposures are associated with
ultimate delivery gestational age.

Results in the context of previous literature

Although metabolomic findings are tissue specific,3° our findings are supportive of—and
build upon—the current literature in this area. Several studies of amniotic fluid metabolites
from patients undergoing amniocentesis to evaluate for intraamniotic infection in the
setting of spontaneous preterm labor with intact membranes and those undergoing genetic
amniocentesis have found that metabolites related to amino acids, liver function, and

fatty acid metabolism display differential abundance from preterm birth cases and term
controls.25:26:36.37 |n one of the largest studies of maternal plasma metabolites and preterm
birth, Lizewska et al38 evaluated metabolomic features in 57 patients with spontaneous
preterm birth (idiopathic preterm labor or preterm prelabor rupture of membranes), 49
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with threatened preterm labor but who delivered at term, and 25 who presented with
spontaneous labor at term. Similar to our findings, they also detected significant differences
in amino acids and those metabolites related to fatty acids when they stratified by gestational
age at delivery (term vs preterm), although their cohort included only patients with

plasma drawn later in pregnancy, at 24 to 36 weeks’ gestation (mean, 30-31 weeks for
those with spontaneous preterm birth or threatened preterm labor). Our results detecting
higher levels of biliverdin and lipids in those with preterm birth at <37 weeks’ gestation

are consistent with the findings of this previous study.38 Our prospective study design
expands upon those findings and differs in that we included patients with blood draws

at an earlier and more consistent gestational age and only included those without clinical
symptoms of preterm labor. It is important to note that patients enrolled in this cohort
carried an extremely high a priori risk of preterm birth and 64% had a cervical cerclage
placed during pregnancy. Cervical insufficiency lies on the continuum of the preterm birth
spectrum, because many individuals with cervical insufficiency eventually develop evidence
of overt spontaneous preterm labor. Ideally, in the future, analyses can be performed

where metabolites from individuals with and without specific preterm birth phenotypes can
be evaluated independently (eg, preterm premature rupture of the membranes, abruption,
cervical insufficiency).

Research implications

Several of the endogenous metabolites we detected have biologic plausibility in the
multifactorial process underlying spontaneous preterm birth or have previously been
associated with the disorder. For example, levels of estrone in blood are known to increase
before parturition in primate models, indicating an increase in fetal adrenal activity.3°
Numerous other studies have found an association between maternal lipid profile and risk
of preterm birth; most suggest dyslipidemia confers an elevated risk.4%41 In one recent
population-based study from California, researchers found an 1.49 adjusted odds of preterm
birth (95% confidence interval, 1.39-1.59) among patients with dyslipidemia.%? These are
areas that warrant further study with additional basic science and translational studies to
elucidate potential mechanisms by which dyslipidemia may impact prematurity risk.

Clinical implications

We also found that certain exogenous metabolites were lower among those who ultimately
delivered preterm, and that many of these metabolites are related to substances consumed
regularly by pregnant women (eg, foods and medications) and common environmental
exposures. One of the strongest associations was with avocadyne (Table 3). Derived from
avocado, avocadyne is an antioxidant compound rich in monosaturated fat and contains
more than 20 vitamins including B vitamins, vitamin K, potassium, copper, vitamin E,
vitamin C, and folate—nutrients that may positively influence pregnancy outcomes.*2
Another notable finding was diosgenin, which was also identified to be present at lower
levels in those delivering preterm (Table 3). Diosgenin originates from yams and is used for
the commercial synthesis of steroids including cortisone, pregneno-lone, and progesterone
and may also have antioxidant properties.3 It is unclear whether reduced “positive” or
“healthy” exposures such as these have a direct effect on increasing the preterm birth risk
or whether they are merely surrogates of other health behaviors. Nonetheless, these data
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support the findings of other studies that have reported that maternal diet—and intake of
antioxidant rich foods—may be associated with a reduced risk of preterm birth.44° Finally,
3 significant findings were classified as polycyclic aromatic hydrocarbons; exposure to these
substances occurs primarily through the ingestion of charbroiled foods and the inhalation

of air contaminated after combustion of coal, oil, and gas; increased exposure to this class
of pollutant has recently been associated with an elevated risk of preterm birth in several
studies.2:11:46

Exposure to various drugs was also an important exogenous metabolite finding. Paracetamol
sulfate is the sulfite metabolite of acetaminophen, formed in the liver, and was present

at higher levels in patients who delivered preterm (fold change, 2.68; £=.00058).
Acetaminophen is the most common analgesic used in pregnancy and in general is
considered “low risk” to the pregnancy and fetus.?’ However, these data add to other
emerging data suggesting an associated between acetaminophen exposure and adverse birth
outcomes. For example, in a cohort of 1200 patients in Ontario, self-reported acetaminophen
use was associated with small for gestational age and low birthweight.48 Similarly, among
63,833 patients in the Danish National Birth Cohort with data regarding acetaminophen

use during pregnancy, the use of acetaminophen was associated with an increased risk

of preeclampsia and severe preeclampsia.4® However, it is unclear whether the exposure

to acetaminophen is “causative” or whether the reason the pregnant woman took the
acetaminophen (eg, for prodromal symptoms of preterm labor) may better explain these
findings. From a clinical standpoint, if these findings are confirmed in future studies, they
may provide key information regarding dietary, lifestyle, and medication recommendations
to reduce the risk of prematurity.

Strengths and limitations

These data provide a robust, simultaneous assessment of both endogenous and exogenous
compounds in midpregnancy. The evaluation of maternal blood in midpregnancy is
simple and noninvasive and provides a “snapshot” of current metabolites and exposures.
Our untargeted analysis was novel in that it permitted us to simultaneously evaluate

both endogenous and exogenous metabolites and extend our evaluation beyond “typical”
prematurity candidate exposures.

Nonetheless, these data should be interpreted with caution. “Standard” or “normal” levels
for the majority of the metabolites studied have not been established. Furthermore, the
findings of elevated levels in preterm birth cases compared with term controls were limited
by the small sample size of the study and were likely cohort dependent, which may reduce
generalizability of these results. Furthermore, these data provide a “shapshot” of metabolites
present at a single time point, and it is unclear how much variation might occur with

diet variation or medication use, including exogenous progestogen supplementation. This
also limited our ability to evaluate the magnitude of the risk of preterm birth associated
with each exposure. In addition, we are unable to determine whether the endogenous
metabolites are evidence of a separate risk factor for preterm birth or alternatively and
whether their detection resulted directly from exposure to one of the detected environmental
exposures. Furthermore, levels of some endogenous metabolites—particularly those related
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to lipids—may vary with diet and the timing of the last meal in relation to the blood draw;
unfortunately, dietary information and fasting status were not available. In addition, many
of the features that differed on mass spectrometry were unable to be identified or resolved
by current analytical techniques. As chemoinformatics and compound identification pipeline
continue to improve, the proportion of compounds that are able to be accurately identified
should increase in future analyses.

Conclusions

The identification of these endogenous metabolites and exogenous substances provides
broad insight into the complex biologic and chemical milieu that pregnant patients are
exposed to and has potential for important future clinical relevance. Validation of and
further refinement of these data may provide the basis for future recommendations regarding
avoidance of specific environmental contaminants or consumption and/or avoidance of
specific foods during pregnancy to optimize outcomes. Although some exposures (eg,

air pollution) may be difficult to modify, improvement in lipid profile through lifestyle
changes and dietary modifications favoring antioxidant consumption is generally considered
a minimal risk and can be easily implemented, providing a potentially novel therapeutic
approach to prematurity prevention.
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AJOG MFM at a Glance
Why was this study conducted?

Exposure to environmental contaminants may be associated with preterm birth, but the
substances that incur the greatest risks have not yet been elucidated. The objective of
this study was to measure which endogenous metabolites and exogenous environmental
substances differ in midtrimester maternal blood among patients who ultimately deliver
preterm compared with those who deliver at term.

Key findings

A total of 812 molecular features differed between preterm birth cases and term

controls. Small molecules or compounds represented by the molecular features differing
between preterm birth cases and term controls ranged from those involved with
endogenous metabolic pathways (including lipid catabolism, steroids, and steroid-related
molecules) to exogenous exposures (including avocadyne, diosgenin, polycyclic aromatic
hydrocarbons, acetaminophen metabolites, aspartame, and caffeine).

What does this add to what is known?

These data highlight that both an individual’s intrinsic factors and external environmental
exposures are associated with ultimate delivery gestational age.
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FIGURE 1. Total ion chromatogram metabolomic cloud plot
Showing 812 ion features differing in preterm birth cases and term birth controls (fold

change, =21.2; A<.05). Mass-to-charge ratios (y-axis) are plotted over chromatographic
retention time (x-axis). The radius of each circle indicates the relative scale of fold change
comparing the 2 groups.
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FIGURE 2. Partial least squares discriminant analysis results summary
Demonstrating differentiation of preterm birth cases and term controls. Each dot represents 1

subject.
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FIGURE 3. Random forest variable importance plot with top 30 compounds (y-axis)
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